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(57) Abstract 

The invention pertains to a process for examining chemical reactions ie the presence 
of potentially catalytic*! substance, wherein reactions are triggered hi miniaturized 
reactor arranged parallel to each other end the nature rad amount of the reaction mixture 
are analyzed during the reaction time. A facility involving reactors provided with inlet 
pipes and by-passes has miniaturized reactors wiht volumes of 0.001 cm 3 to 1 cm 9 . 
Said Invention allows for effecting a large number of reactions under virtually identical 
conditions and whh a relatively low amount of substance and samples, at an attractive 
cost and in a reproducible manner, and simultaneous spectroscopic analysis. It also 
provides a means of using for industrial catalyst screening the possibilities discussed 
m relation to combinatorial chemistry. Choosing Identical samples and other different 
reaction conditions ensures optimized parallel reactions. 

(57) Zusammenfasscng 

Cegenstaod der Erfindong ist em Verfahren zur Uhtersuchung voa chemischen 
Reaktionen in Oegcnwart von potenUeD katalytiachen Substanzeiu bel dem man die 
Reatatanen parallel in Rcaktoren durchfohrt, dadurch gekenozcichnet, daB man die 
Reaktionen in mmiaSurisicrtco Reaktoren durchfChrt und das'ReaJctionsgemsch wanrend 
derRcflkiionszeit nach Art und Menge analysien. Gegenstand der Erfindung Ut auOodem 
cine Vorrichtung mil Reaktoren. die rail Zu- und Ableitungen vorschen sftjd. dadurch 
Eekennzeichnet, daB die Reaktoren mMaturlslert slnd, bei eiaem Volumcn aus dem Bern ten von 0,001 cm 3 bh I cm*. Die Vorteile 
Uegen im wesentlichen darin, daB einc VieftahJ von Reaktionen unter prakusch Idenhschen Bedlngungen und mit verglcichswei&e geringen 
Substanz- und Probenmengen schnell, kostengdnsdg und reproduzierbar durchgefuhrt und dabel glefchzeitig spektroskopisch untersuchl 
werden karw. Sie biecet dam it die Mogliehkeit, die im Zusammenhang mit der korobhwtorischeo Chemie diskutieiten M6glichkeiten furein 
industrrelles Katalysatcrscreenmg einzusecren. Durch die Warn identischer Prober und unteiscWedlicher sonstigcr **- 5 
ksnn eine parallels Reajrtionsoptimterung dmchgeflBhrt werden. 
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Abstract 

The invention pertains to a process for examining chemical reactions in the 
presence of potentially cataiyticai substance, wherein reactions are 
triggered in miniaturized reactors arranged parallel to each other and the 
nature and amount of the reaction mixture are analyzed during the reaction 
time. 

A facility involving reactors provided with inlet pipes and by-passes has 
miniaturized reactors wiht volumes of 0,001 cm 3 to 1 cm 3 . 

Said invention allows for effecting a large number of reactions under 
virtually identical conditions and with a relatively low amount of substance 
and samples, at an attractive cost and in a reproducible manner, and 
simultaneous spectroscopic analysis. It also provides a means of using for 
industrial catalyst screening the possibilities discussed in relation to 
combinatorial chemistry. Choosing identical samples and other different 
reaction conditions ensures optimized parallel reactions. 
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Description 

Process and apparatus for studying chemical reactions in parallel* 
connected miniaturized reactors 

The invention relates to a process for the study of chemical reactions in the 
presence of potentially catalytic substances, in which the reactions are 
carried out in parallel in reactors. The invention further relates to an 
apparatus, in particular for carrying out this process, the apparatus having 
a plurality of parallel-connected reactors which are provided with feed lines 
and discharge lines. 

Processes and apparatuses of said type are known and are used, inter alia, 
in the search for catalysts for the heterogeneous or homogeneous catalysis 
of industrial chemical processes {US-A-4099 923, US-A-3 431 077). 

However, most recently, novel techniques have, made it posible to prepare 
substances in a great number, which could be potential catalysts for a 
multiplicity of chemical processes (P.G. S chute et al. t Science 1995, 
1738). The study of this multiplicity of potential catalysts is scarcely 
possible any longer using the conventional series screening processes, 
since these screening processes are Jimited with respect to throughput and 
analytical resolution, as well as in reproducfcifity. Frequently, for pure 
activity screening, integral effects such as heating of the catalyst etc. are 
used completely inadequately without direct product mixture analysis or 
efficiency analysis. Furthermore, optimizing the conditions of catalyst 
activation and process procedure make special requirements of 
quantitative analytical processes and of the reproducibility of the reaction 
conditions. 

The preferred object underlying the invention was therefore to develop an 
inexpensive process or an inexpensive apparatus by which a multiplicity of f 
chemical reactions can be studied an a short time and thus reproducible, 
qualitative and quantitative data can be obtained with respect to the- 
composition of the different reaction mixtures and reaction products. 
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reactors and the reaction mixture or the reaction products are analyzed 
with respect to nature and amount during the reaction period. 
The preferred object is further achieved by an apparatus of said type, which 
is characterized in that the reactors are miniaturized, at a volume from the 
range from 0.001 cm 3 to 1 cm 3 . . 

The invention thus relates to a process for the study of a multiplicity of 
chemical reactions in the presence of potentially catalytically active 
substances in which the reactions are carried out in parallel in reactors, 
characterized in that the reactions are carried out in the reactors having a 
volume from the range from 0.001 cm 3 to 1 cm 3 and the reaction mixture is 
analyzed spectroscopically with respect to nature and amount of the 
constituents during the reaction period. 

The invention further relates to an apparatus, in particular for carrying out 
this process, the apparatus having a plurality of parallel-connected reactors, 
which are provided with feedlines and discharge fines, characterized in that 
the reactors are miniaturized, at a volume from the range from 0.001 cm 3 to 
1 cm 3 , and in that the feedlines or the discharge lines or the reactors are at 
least in part transparent to analytical radiation. 

Particular embodiments or developments of the invention result from the 
corresponding subclaims. Individual or a plurality of individual features 
mentioned in the claims can also each themselves represent solutions of 
the Invention, and the features within the claim categories can also be 
combined as desired. 
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A particular embodiment of the process according to the invention Is 
characterized in that the reaction starting materials are fed continuously to 
the reactors and the reaction products are discharged continuously from 
the reactors. However, the batch mode of operation is equally possible. 
A further particular embodiment is characterized in that use is made of 
starting materials which are at least in part labeled with isotopes, preferably 
with deuterium ( 2 H) or heavy oxygen ( ,g O) or heavy carbon CO) or 
mixtures thereof. These generate characteristic spectral shifts in rotation- 
Vibration spectra, which, in addition to labeling the reaction pathway, owing 
to starting material mixed variants, can lead to novel interesting reactions 
or reaction products and relatively small by-product contents can be 
contrasted systematically. 
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Individual reactors or reactors combined to form groups can also be fed 
with different starting material mixtures, in order to reveal or detect any 
synergies present in this manner using the methods of combinatory 
chemistry. 

5 The starting material mixtures, reaction mixtures or product mixtures can 
be analyzed with respect to nature and amount of the substances present 
at any time points of the course of the reaction by spectroscopic analysis, 
preferably by infrared spectroscopy (IR). particularly preferably by Fourier 
IR spectroscopy. Other spectroscopic methods, such as laser 

10 spectroscopy or UV spectroscopy, are equally suitable for the study. The 
process can be canted out at differing temperatures and pressures, at 
temperatures of the range from -50°C up to and including 600°C, 
preferably from room temperature to 500°C, or at various pressures, at 
absolute pressures from 10** to 10' bar, preferably from 10* to 200 bar. 

15 The data obtained can then be supplied to a comprehensive parametric 
and data analysis. 

The invention is further characterized in that the reactions can be carried 
out in the presence of a heterogeneous or homogeneous catalyst and in 
that it is possible to screen the catalytic activity (ie. product detection) and 
20 selectivity (main product distribution) of catalyst amounts less than 10 mg, 
preferably less than 1 mg, In a reactor. 

In a particular embodiment of the apparatus according to the invention, a 
plurality of miniaturized reactors separated from one another can be 
disposed in a block. The volume of these reactors can be in the range from 
25 0.001 cm 3 to 1 cm*, preferably from 0.01 cm 3 to 0.5 cm 3 , particularly 
preferably from 0.05 cm 3 to 0.2 cm 3 . In a further preferred embodiment of 
the apparatus according to the invention, the reactors are disposed as a 
square or rectangular pattern in a metal block, which can be 
parallelepipedal or cubic. Hie metal block can be provided with heating 
30 block elements or cooling elements and can be fitted with a temperature 
sensor in the vicinity of each reactor. This makes monitored and 
reproducible temperature control possfole. For example, by this means, a 
defined temperature gradient can be set over the metal block. The reactors 
are advantageously deposed in a plane which rs parallel to a surface of the 
35 parallelepiped. Advantageously, at least some of the feedlines and 
discharge lines of the individual reactors are perpendicular to this plane. 
They can be designed as through-holes in the metal block. The reactors 
can be designed as boreholes. The number of reactors in one block can be 
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greater than 20, preferably greater than 40, particularly preferably greater 
than 100, very particularly preferably greater than 200. Using these 
reactors* under defined reaction conditions, a small amount of potential 
catalysts (also termed samples below) can be brought into contact and 
5 reacted in parallel, ie. simultaneously, with starting material or starting 
material mixtures in liquid and/or gaseous form batchwise or continuously. 
Automation of the apparatus according to the invention is possible, in 
particular charging the reactors with catalysts can proceed automatically, 
preferably by a laboratory robot or a pipetting machine. 

10 

In a further preferred embodiment, the miniaturized reactors are designed 
in the metal block as 4 mm bore holes and disposed in such a manner that 
differing starting material and inert gases can flow through them through 
2.5 mm capillary bore holes. The gases then pass into a spacer, preferably 
15 a distancing plate, which is mounted on the metal block and in which the 
bore holes of the metal block continue. The arrangement of metal block 
and spacer is provided with a customary cuvette bore hole in which the 
gases can be analyzed by spectroscopy. For this purpose, the bore hole is 
sealed at both ends with a transparent window. If infrared spectroscopy is 
20 to be used for analysis, use is preferably made of windows of 1-1-1 silicon, 
NaCI, KBr, Ge, ZnSe or KSR5. For the analysis, a colltmated analytical 
beam, in the case of IR spectroscopy an infrared beam, is decoupled from 
an interferometer, preferably without a mirror, and directed through a dry- 
gas-flushed space through the cuvette bore hole onto a detector situated 
25 behind. The cuvette bore hole can be, for example, 5 mm thick. By 
choosing a suitable thick spacer, the length of the cuvette bore hole can be 
chosen between a few cm (1-10) and several 10s of cm (10-50), 
depending on the reaction conditions and reaction type. To record the 
spectra, the analytical beam can be directed through all cuvette bore holes 
30 successively by a deflection apparatus. However, a plurality of beams or a 
plurality of analyzers can also be used, so that simultaneous recording of 
spectra is possible with a plurality of reactors. However, equally, the block 
containing the reactors can be moved by motion devices, for example 
stepper motors, in such a manner that all cuvette bore holes are brought 
35 successively into the beam path of the spectrometer. Suitable materials for 
block and spacer are preferably the customary corrosion-resistant metallic 
materials familiar to those skilled in the art, particularly aluminum or steel, 
preferably stable to rust and/or acid and/or high temperature. 




WO 98/07026 PCT/EP97/04369 

5 



A further embodiment of the apparatus according to the invention which is 
particularly suitable for homogeneous catalysis is characterized in that in 
the case of at least one reactor having a volume which is preferably less 
5 than 200 nl, an ATR crystal (attenuated total reflection spectroscopy, 
preferably conically pointed, preferably made of ZnSe or KSR5 or 
diamond) makes possible spectroscopic contact with the reaction mixture 
for differing solvents and reaction conditions and pressures up to 200 bar. 
In this case, the analytical beam is focused onto the ATR crystal. 

10 

The advantages of the process according to the invention and the 
apparatus according to the invention are essentially that a multiplicity of 
reactions can be carried out rapidly, inexpensively and reproducibly under 
virtually identical conditions and with comparatively small amounts of 

15 substance and sample and, in the course of this, can simultaneously be 
studied spectroscopicaily. It thus offers the opportunity of using the 
opportunities discussed in connection with combinatorial chemistry 
(K. Burgess et aL, Ang. Chem. 1996, 108, 2, 192, incorporated by 
reference into the application) for industrial catalyst screening. By choosing 

20* identical samples and differing other reaction conditions such as 
temperature, pressure, starting material composition, a parallel reaction 
optimization can be earned out 

To analyze the data obtained, advantageously, a data matrix is prepared in 
such a manner that all selectable and documentabie reaction conditions 
25 (starting material partial pressures, starting material composition, 
temperature, flow or flow rate, total pressure, sample composition, sample 
lattice parameters and all base points of the spectra) are given according 
to reaction conditions, ie. for each reactor, as columns of the matrix* This 
matrix can be subjected to a factor analysis (E.R. Malinowski et a!., Factor 
30 Analysis in Chemistry, Wiley, New York, 1980, incorporated by reference 
into the application), by calculating the covariance matrix, the eigenvalues, 
the abstract eigenvectors, the loadings and the coefficients of the 
multidimensional regression, and preferably outputing them as files. A 
(pre)normalization of the data can also be selected by the mean "0* and 
35 standard deviations "1°, which can avoid base line effects or absolute 
effects. This permits the prediction of differing variables from calibration 
data sets (eg. quantitative C0 2 contents at different temperatures), 
determination of the dependence of parameters in spectral ranges to 
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optimization of the analysis, generation of different distance matrices from 
the output data (for example the simBarfty of catalysts with respect to 
selected variables and properties) and direct feedback of the catalyst 
composition to a laboratory robot synthesizer which mixes a set of new 
5 catalyst samples and synthesizes them "automatically* by sintering or 
calcining on a robot line. 

An embodiment of the process according - to the invention and a • 
development of the apparatus according to the invention are described in 
10 more detail below with reference to Figures 1 and 2, without the intention 
of restricting the invention in any manner. 

In the Figures 

Fig. 1 shows a diagrammatic representation of the apparatus 1 

15 according to the invention in tie beam path of a 

spectroscopic analyzer 
Fig. 2 shows an individual reactor 2 from the apparatus 1 according 
to the invention in side view. 

An apparatus 1 for the study of chemical reactions essentially consists of a 
block-shaped arrangement 3 of miniaturized reactors 2. The block-shaped 
arrangement 3 is designed in such a manner that the reactors 2 are 
incorporated In the form of bore holes in a paralleiepipeda! metal block 4, 
which has a front side 6 and a rear side 7. The reactors 2 are sunk into the 
front side 6 of the paralleiepipedal metal block 4 and arranged in a 
rectangular pattern. They are connected to bore holes 5 for feeding the 
starting materials. Catalysts 8 are introduced into the reactors 2. Onto the 
front side 6 Is mounted, as spacer, a distancing plate 9, in which the 
reactors 2 continue as bore holes. From these lead further bore holes 10 
which serve to discharge the reaction products to a cuvette bore hole 11. 
On the rear side 7 is arranged, as further spacer, a distancing plate 12. 
The cuvette bore hole 11 continues through the metal block 4 through the 
distancing plate 12. It is dosed on the open surfaces of the distancing plate 
by transparent windows 13 and serves for discharging the reaction 
products and simultaneously as a space for their spectroscopic analysis by 
means of an IR beam 14. The reaction products, coming from the reactor 
2, are passed through the bore holes 10,11, in accordance with the 
indicated arrows. From the end of the cuvette bore hole 11 in the 
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distancing plate 12, they are discharged via bore holes 15. In the vicinity of 
(he reactors 2, heating elements 17 and thermocouples 18 are 
incorporated into the metal block 4. The block-shaped arrangement 3 can 
be moved by stepper motors 16 in both spatial directions perpendicular to 
the IR team 14. By this means, every cuvette bore hole 11 belonging to 
one of the reactors 2 can be moved into the IR beam. The IR beam is 
analyzed by recording the interferogram by means of an interferometer 20 
and detector 19 which are arranged dose to the transparent windows 13. 

An experimental example using a known catalyst is described below. 

In the apparatus according to the invention, in the reactors of the reactor 
block, a mixture of 30.2% by volume of propylene 2.5, 15.2% by volume of 
oxygen 4.5, the remainder nitrogen 5.0 impinged differing solids. One of 
the reactors comprised a small amount (5 mg) of a known industrial 
catalyst for the oxidation of propylene to acrolein., The IR spectra of all 
reaction gases were recorded completely automatically at different 
temperatures. Fig. 3 shows the spectrum of the reaction gas from the 
reactor which contains the known catalyst at 400 and 450 e C: at 400°C the 
product (acrolein from oxygen and propylene) can already be detected. 
However, much carbon dioxide was still formed. At 450'C, carbon dioxide 
was no longer observed, and the product yield had increased. (The slightly 
negative strip was the result of referencing and indicates the base line 
accuracy in this experiment.) 

It was thus found that a catalyst activity for a specific reaction can be 
detected and optimized fully automatically. 

The reference to any prior art in this specification is not. and should not be 
taken as, an acknowledgment or any form of suggestion that that prior art 
forms part of the common general knowledge in Australia. 
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The claims defining the invention are as follows: 

1. Process for the study of a multiplicity of chemical reactions in the 
presence of potentially catalyticaliy active substances in which the 
reactions are carried out in parallel in reactors, characterized in that 
the reactions are carried out in reactors having a volume from the 
range from 0.001 cm 3 to 1 cm* and the reaction mixture is analyzed 
spectroscopicatly with respect to nature and amount of the 
constituents during the reaction perbd. ' 

2. Process according to claim 1, characterized in that the reaction 
starting materials are fed continuously to the reactors and the 
products are discharged continuously from the reactors. 

3. Process according to claim 1 or 2, characterized in that the 
reactions are earned out at differing temperatures, preferably at 
temperatures of the range from room temperature up to and 
including 600°C or at differing pressures, preferably at absolute 
pressures from 10* to 10 3 bar, particularly preferably from 10* to 
200 bar. 

4. Process according to any one of claims 1 to 3, characterized in that 
the potential catalysts are heterogeneous or homogeneous catalysts. 

5. Process according to claim 4. characterized in that, per reactor, use 
is made of an amount of catalyst <10 mg, preferably < 1 mg. 

6. Process according to any one of claims 1 to 5, characterized in that 
the reaction mixture or the reaction products are analyzed by IR 
spectroscopy with respect to nature and amount of the constituents. 

7. Process according to any one of claims 1 to 6, characterized in that 
the reactions are carried out in more than 20 reactors, preferably 
more than 40, particularly preferably more than 100. 



Process according to any one of claims 1 to 6. characterized in that 
reactions of homogeneous or heterogeneous catalysis involving 
liquid or gaseous starting materials or products are studied. 

Process according to claim 6, characterized in that the 
spectroscopic analysis is carried out on an reactors simultaneously 
by using an appropriate number of analyzers, or in that the 
spectroscopic analysis is earned out on the reactors one after the 
other by directing an analysts beam onto the individual reactors in 
succession by means of a deflection apparatus or by bringing the 
reactors into the analytical beam in succession by means of a 
motion device. 

Process according to any one of claim 1 to 9, characterized in that 
use is made of starting materials, at least some of which are labeled 
by isotopes, preferably with deuterium or heavy oxygen or heavy 
carbon. 

Process according to any one of claims 1 to 10, characterized in that 
individual reactors or reactors combined to form groups are fed with 
differing starting material mixtures. 

Apparatus (1), in particular for carrying out the process according to 
claim 1, with the apparatus (1) having a plurality of parallel- 
connected reactors (2). which are provided with feedlines and 
discharge lines (5,10,11,15). characterized in that the reactors (2) 
are miniaturized, at a volume from the range from 0.001 cm 5 to 
1 cm 3 , and in that the feedlines (5) or the discharge fines (10,1 1) or 
the reactors (2) are at least in part transparent to analytical 
radiation. 

Apparatus according to claim 12, characterized in that the reactors 
are arranged in the form of a block, preferably rectangular or 
square, 

Apparatus according to claim 12 or 13, characterized in that the 
feedlines or the discharge lines or the reactors are at least in part 
transparent to infrared, laser or UV light. 
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15. Apparatus according to any one of claims 12 to 14, characterized in 
that the reactors are arranged in a parallelepipedal metal block which 
is equipped with heating elements and/or temperature measuring 
points. 

16. Apparatus according to any one of claims 12 to 15, characterized in 
that the apparatus is provided with motion devices, preferably with 
stepper motors. 

17. Apparatus according to any one of claims 12 to 16, characterized in 
that the apparatus has more than 20 reactors, preferably more than 
40 t particularly preferably more than 100, very particularly preferably 
more than 200. 



18. 



Appa'raTus according to any one of claims 12 to 17, characterized in 
that at least one reactor is equipped with an ATR crystal which 
enables spectroscopic contact with the reaction mixture. 



• » * 
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Apparatus (1) according to claim 15, characterized in that the 
reactors (2) are arranged k\ a plane parallel to a surface of the metal 
block (4). in that the feedlines or discharge lines (5.10,15) are laid at 
least in sections perpendicular to this plane, in that a spacer (9.12) 
is mounted on a surface, which spacer has bore holes (10), through 
which the reactors (2) or the discharge lines (10) can be extended, 
in that the metal block (4) and the spacer (9) as discharge lines 
have cuvette bore holes (11). which are connected to the discharge 
Ones (10,15), and in that on the spacer for analytical radiation, 
transparent windows (13) are mounted which seal off the cuvette 
bore holes (1 1 ) from the surroundings. 



20. Apparatus according to any one of claims 12 to 19, characterized in 
that the reactors comprise catalysts, preferably Having a weight less 
than 10 mg per reactor, particularly preferably having a weight less 
thah 1 mg per reactor. 
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21. Process for the study of a multiplicity of chemical reactions 
substantially as hereinbefore described and/or with reference to the 
accompanying drawings. 

22. Apparatus for the study of a multiplicity of chemical reactions 
substantially as hereinbefore described and/or with reference to the 
accompanying drawings. 

DATED this 8th day of January 2001. 
Aventts Research & Technology 
By its Patent Attorneys 
DAVIES COLUSON CAVE 
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